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Abstract
Background: Computerized neurocognitive testing is part of the recommended multi-faceted
approach to SRC assessment. Prior research has suggested that maximal exertion negatively
effects CNT test scores. Purpose: To identify the appropriate timing of the administration of
CNT following maximal exertion in healthy college-aged students. Study Design: Random
cross-over, repeated measures design. Methods: Participants will be administered CNT on four
different visits, with at least one week between administrations. A VO2 max treadmill test will be
performed before CNT administration during three of the four trials. Following the VO2 max
test, participants will rest for <2 minutes (immediate), 10-minutes, or 20-minutes before taking
CNT. The fourth trial, without maximal exertion preceding CNT administration, will serve as the
control. All trials will be randomly-counterbalanced to negate practice effects. RESULTS:
There was a significant within-subjects effect for prescribed post-exertion recovery intervals on
total symptom scores (Wilks λ = .62, F [3, 23] = 4.64, p = .01, η2= .38). Total symptom scores
were significantly higher at the immediate (p < .002), 10-minutes (p = .018), and 20-minutes (p
= .011) post-exertion recovery intervals compared to baseline. Additionally, a significantly
positive within-subjects effect for prescribed post exertion recovery was observed for processing
speed (p=.009, Wilks λ = .60, F [3, 27] = 5.9, η2 = .396). No significant effect was observed for
visual memory (p = .07), verbal memory (p = .06), or reaction time (p = .40). CONCLUSION:
Baseline symptom scores were negatively influenced processing speed was enhanced by
maximal exertion. These changes continue to be elevated 20 minutes post-exertion. Moreover,
cognitive performance was not significantly impaired following maximal exercise. To obtain
more accurate baseline symptom scores, and allow processing speed composites to return to

normal, sports medicine professionals should wait at least 20 minutes following maximal
exertion before administering CNT.
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1
Introduction
Approximately 1.6–3.8 million sport and recreation-related concussions occur each year
in the United States (Langlois, Rutland-Brown, & Wald, 2006). Sport-related concussion (SRC)
can negatively affect the physical, emotional, social, and cognitive functioning of athletes. If
clinically mismanaged, the consequences of SRC on long-term health can be catastrophicresulting in chronic post-concussion symptoms, permanent brain damage, and although very rare,
result in death in younger athlete populations. Therefore, to ensure that athletes with concussions
receive proper care and avoid poor recovery outcomes, a multi-faceted, objective assessment
approach for SRC management is recommended (McCrory, et al., 2013; McCrory, et al., 2017).
Approximately 63% of all sport-related concussions go unreported (McCrea, Hammeke,
Olsen, Leo, & Guskiewicz, 2004). Traditionally, sports medicine professionals primarily relied
on self-reported symptoms to assess and manage concussion. However, many athletes fail to
disclose or minimize their symptoms because of eagerness to return to play, lack of knowledge,
or fear of letting their teammates down (McCrea et al., 2004). Due to the subjectivity and lack of
accuracy associated with self-reported symptoms, objective testing is needed. Objective tests,
used in conjunction with self-reported symptoms, better quantify impairment and provide a
visual representation of recovery following a concussion. One test currently used for assessment
of sport-related concussion is computerized neurocognitive testing (CNT), which objectively
measures several aspects of cognitive functioning (Van Kampen, Lovell, Pardini, Collins & Fu,
2006).
Computerized neurocognitive testing is part of the recommended multi-faceted approach
to SRC assessment. These assessments includes batteries of cognitive tasks measuring different
domains of cognitive function: verbal memory, visual design memory, concentration, processing
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speed, and reaction time (Covassin, Elbin, Stiller-Ostrowski, & Kontos, 2009). Similar to "old
fashioned" paper and pencil neurocognitive tests, technological improvements have advanced
neurocognitive testing used for assessing SRC. Governed by a computer, CNT affords clinicians
the ability to administer multiple versions, generates automated scoring, and standardized
administration. Additionally, CNT enables one clinician to administer multiple tests
simultaneously to athletes in a group setting. Computerized neurocognitive testing is best
administered before season (baseline) and after suspected concussion. In recent SRC literature
CNT has been coined the "cornerstone" of SRC assessment and management (Broglio, et al.,
2014). Pre-injury (baseline) and post-injury CNT scores can be compared allowing the athlete to
serve as their own control. Scores can be analyzed by sports medicine professionals to better
evaluate cognitive function and recovery. Quantitative data from this test can provide a visual
depiction of an individual's condition helping to bridge the gap between the athlete, coaches,
parents, academic personnel, and the clinician (Broglio, et al., 2014). Ensuring the accuracy of
the baseline CNT assessment is critical to SRC management.
The accuracy of baseline CNT is a key component of SRC management (Collins,
Kontos, Reynolds, Murawski, & Fu, 2014). Baseline CNT administration is a “snapshot” of an
individual cognitive performance. It is imperative sports medicine professionals conduct baseline
testing in an environment and at a time that will enable athletes to put forth their best effort, and
perform at their maximum potential. Researchers have identified several factors that negatively
influence CNT baseline scores including learning disabilities, attention deficit hyperactivity
disorder, (Elbin, et al., 2013), concussion history (Broglio, et al., 2014), testing environment
(Moser, Schatz, Neidzwski, & Ott, 2011), and prior exertion (Covassin, Weiss, Powell, &
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Womack, 2007). Sports medicine professionals should attempt to control, or at minimum
consider these factors when interpreting baseline CNT performance.
The relation between prior physical exertion and baseline CNT scores is understudied.
Furthermore, much of the literature exploring the interaction of maximal exercise and its effect
on cognitive performance is contradictory. Some studies report a negative relationship between
the effects of maximal exercise and cognitive performance (Covassin, et al., 2007; Dietrich 2006;
Nada, Balde, & Manjunatha 2013). These projects analyzed cognition after a bout of maximal
(Covassin, et al., 2007), high-intensity (Nada, Balde, & Manjunatha) and locally fatigued state
muscles (Dietrich, 2006). All three studies detected a negative change in cognitive function when
compared to baseline or controls. In contrast, other studies have found moderate physical activity
to actually facilitate cognitive performance (Brisswalter, Collardeau, & Rene, 2002; Hillman,
Snook, and Jerome, 2003; Pontifex, Hillman, Fernhall, & Thompson, 2009). Other studies
examining the effects of maximal exertion on cognitive performance have produced mixed
findings (Coles & Tomporowski, 2008). This inconsistency is most likely due to differing
methodologies, exertion protocols, and outcome measures used when assessing cognition.
Covassin and colleagues (2007) reported that maximal exercise has negative effects on
CNT baseline scores when compared to the non-exerted controls. Covassin (2007) administered
CNT immediately following the completion of a maximal exertion protocol. When compared to
a non-exerted control group, the experimental group performed significantly lower on verbal
memory composite scores during the post-exertion CNT. The experimental group also scored
significantly lower following maximal exercise when compared to their own baseline. The
results of Covassin's study implies that CNT should not be administered directly after exertion.
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This study suggests maximal exercise negatively affects the outcome on CNT; however, the
optimal recovery time following a bout of maximal exertion has not been examined.
This research is significant as anecdotal reports from sports medicine professionals
suggest baseline testing is often administered in the short time following a bout of physical
activity (e.g., strength and conditioning workout) due to time constraints of a rigorous sport
environment. Pre-season baseline testing is often an afterthought for many coaches during the
start of the new season, and is squeezed into a demanding schedule. No study has examined how
long the sports medicine professional should wait before administering baseline CNT following
maximal exertion.
If baseline CNT scores are artificially lower because the test was administered
immediately after maximal physical activity, athletes sustaining a concussion may go unnoticed.
Cognitive deficits caused by SRC may not be as evident if the "snapshot" of an individual’s
baseline cognitive performance is inaccurate. The wait-time for administering CNT following a
bout of maximal exertion is unknown and there is currently no recommended time interval to
wait before testing. In order to outline "best practice" guidelines for baseline CNT
administration, additional research concerning maximal exercise exertion and recovery is
needed. This data will directly impact CNT baseline-testing practices of sports medicine
professionals.
Little research has examined maximal exercise and CNT outcomes and a consensus in
current literature is mixed. The recovery intervals (immediate, 10 minutes, and 20 minutes post
exercise) for this study were determined based on meta-analyses examining exercise and
neurocognitive function. A meta-analysis conducted by Chang, Labban, Gapin and Etnier
(2012) examined primary moderators of acute exercise and cognitive function reported the delay
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following exercise significantly influenced the effect size of observations; 0-10 minutes recovery
intervals resulted in significant negative effects while 11-20 minutes and beyond recovery
intervals resulted in decreasing positive effects. A different meta-analysis conducted by
Lamburne and Tomporowski (2010) reported significant positive effects of exercise on cognition
immediately after and within 15 minutes of cessation of exercise. Cognitive testing performed
after 15 minutes did not result in significant effects. Because of equivocal findings
neurocognitive outcomes following a 10 minute recovery interval was not hypothesized, and will
be an exploratory time point.
Purpose of the Study
The purpose of this study is to identify the appropriate recovery interval following
maximal exertion for the administration of CNT in healthy, active college-aged students.
Hypotheses
Hypothesis 1.Verbal memory composite scores will be significantly lower than baseline
at the immediate recovery interval, but not at the 20-minute recovery interval.
Hypothesis 2.Visual memory composite scores will be significantly lower than baseline
at the immediate recovery interval, but not at the 20-minute recovery interval.
Hypothesis 3. Processing speed composite scores will be significantly lower than
baseline at the immediate recovery interval, but not at the 20-minute recovery interval.
Hypothesis 4. Reaction time will be significantly faster than baseline at the immediate
recovery interval, but not at the 20-minute recovery interval.
Hypothesis 5. Total PCSS scores will be significantly higher than baseline at the
immediate recovery interval, but not at the 20-minute recovery interval.
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Review of Literature
Concussion is defined as a complex injury resulting from a cascade of neurometabolic
events following biomechanical trauma, resulting in variable symptoms and impairments
(Halstead & Walter, 2010). Clinical, pathological, and biomechanical paradigms utilized to help
define this injury, according to the 5th International Conference on Concussion in 2017, include:
transmission of direct or indirect force transmission to the head, onset of short-lived neurological
impairments due to functional disturbances, rather that structural injury, and symptoms that
normally resolve with adequate rehabilitation (McCrory, et al., 2017). In literature, concussions
have also been defined as a mild traumatic brain injury (mTBI); however, some researchers
believe that this nomenclature is misleading- as not all mTBI are concussions. Rather,
concussions are a distinct, less severe, subclass of mTBIs (Harmon, et al., 2013).
Prevalence
In the United States, it is estimated that over 1.6 million sport related concussions occur
each year (Langlois, et al., 2006). A more recently published prevalence study estimates 1.1- 1.9
million sport and recreation related concussions occur in children (≤ 18 years) in the United
States (Bryan, Rowhani-Rahbar, Comstock & Rivara, 2017). This study was exclusive to
children; however, by extrapolating logic presented in the discussion this study suggests 1.8-3.1
million sport-related and recreational concussion occur each year in the United States (Bryan, et
al., 2017). The risk of concussion is present in almost every sport, with the highest prevalence in
contact sports. Among American high school and collegiate sports, football accounts for 40.2%
of reported concussions followed by girls soccer (21.5%), boys soccer (15.4%), and girls
basketball (9.5%) (Gessel, Fields, Collins, Dick, & Comstock, 2007). When accounting for the
number of athletes involved in each sport Zuckerman, et al. (2015) reported men’s wrestling and
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ice hockey (both men and women) to have the highest rates of concussion in all NCAA sports.
Additionally, higher rates of concussion are found in both youth (Noble & Hesdorffer, 2013) and
female (Marar, Mcllvain, Fields & Comstock, 2012) athletic populations. Left undetected or
mismanaged a concussion can cause potentially long-term effects.
Biomechanics
A concussion occurs as a result of deformation of the brain due the collision of the brain
with the skull. Historically the term concussion referred to injuries that caused "brain shaking"
(Shaw, 2002). According to Newton's third law, force equals mass multiplied by acceleration.
Sufficient force, applied over a sufficient surface area, transferred via kinetic energy is
responsible for the concussive strains and damage to the delicate brain tissue. The human brain is
suspended in cerebral spinal fluid (CSF). The biomechanics of concussive injuries can be
generalized into four main categories: linear forces (acceleration or deceleration), rotational
forces, skull deformation, and whiplash (Shaw, 2002).
Acceleration and deceleration injuries are a result of impact (direct blow to the head) or
impulse (force that sets head in motion without contact). Acceleration injuries that induce
damage directly beneath the point of impact are referred to as coup injures (Ommaya &
Gennarelli, 1974). Deceleration injures cause damage opposite to the site of impact. These are
classified as contre-coup injuries (Ommaya & Gennarelli, 1974). Linear impact occurs when the
head is struck while held stationary or the head strikes a stationary object causing
acceleration/deceleration of the skull and subsequent brain movement (Broglio, et al., 2010).
Rotational impacts occur when the head rotates in response to an angular blow to the head.
Shearing and tensile forces at the junction of the cerebrum and the brainstem may be the
resulting stresses of rotational force (Holborne, 1943). Less common in SRC, deformation
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injuries, resulting in depression of the skull, causing propagation of waves through the CSF
(Gurdjian, 1972). Finally, whiplash injuries result from sudden movements of the head about the
cervical region causing propulsion of the brain within the skull.
Outside of controlled experimental conditions, mechanical forces inducing SRC are
components of both linear and rotational forces. Despite the broad variety of injury mechanisms
all SRC injuries involve a near instant method of kinetic energy transfer (Shaw, 2002). The most
commonly reported injury mechanism for all NCAA sports was an outcome of player-on-player
contact (Zuckerman et al., 2015). Despite efforts to identify force peak rotational/ linear
acceleration thresholds responsible for inducing concussion (Greenwald, Gwin, Chu, & Crisco,
2008; Guskiewicz, & Mihalik, 2011; Pellman, Viano, Tucker, Casson, & Waeckerle, 2003)
researchers have yet to identify thresholds (Post & Hoshizaki, 2015)
Pathophysiology
The underlying pathophysiology of concussion is comprised of a cascade of
neurometabolic events. Defects within brain tissue cannot be seen on a macroscopic level, as a
sport-related concussion is a functional injury occurring within individual neurons.
Biomechanical forces cause neurons to become stretched or stressed, yielding reduced cerebral
blood flow and ions imbalances (Barkhoudarian, Hovda, & Giza, 2011). In efforts to restore
normal cerebral membrane potential, sodium-potassium (K+ /Na+) pumps work to efflux K+ and
influx Na+ (Barkhoudarian, et al., 2011). The ion flux followed by neuronal suppression, also
known as "spreading depression" predicted to be associated with early loss of consciousness,
amnesia, or cognition deficits (Giza & Hovda, 2014). Additionally, resultant overdrive of the
K+/Na+ pumps cause increased ATP utilization (Giza & Hovda, 2001).
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Immediately following impact, increased glucose utilization is evident in the cortex and
hippocampus of the injured brain (Rosenthal, LaManna, Yamada, & Somjen, 1979; Yoshino,
Hovda, Tatsuro, & Becker, 1991). Hyperglycolysis and reduced blood flow increases anaerobic
metabolism reliance. Eventually a metabolic mismatch occurs as the body is unable to supply the
brain with sufficient energy. This mismatch paired with, lactic acid accumulation, decreased
magnesium levels, free radical production, and inflammatory response is believed to cause the
outward symptoms that we associate with concussion (Giza & Hovda, 2001; Kalimo, Rehncrona,
Soderfeld, Olsson & Siesjo, 1981; McIntosh, Faden, Yamakami, & Vink, 1988). Moreover,
mitochondrial oxidation capacity is reduced with decreased magnesium levels and calcium
imbalances are also affected (Dominques & Raparla, 2014). Decreased mitochondrial levels
exacerbate the energy crisis as magnesium functions to regulate mitochondrial membrane
potential and ATP production. These biochemical markers have been studied in both animal and
human subjects and are thought to have cumulative effects in repeat injuries (Giza & Hovda,
2001).
Signs and Symptoms
A concussion is a heterogeneous injury. Presentation of this injury varies between
individuals. For years, loss of consciousness (LOC) was used to identify and diagnose
concussion, however LOC is no longer used to diagnose or confirm SRC (Lovell, Iverson,
Collins, McKeag, & Maroon, 1999; Ommaya & Gennarelli, 1974). Additionally, many studies
report that less than 14% of individuals with a concussion will lose consciousness (Guskiewicz,
Weaver, Padua, & Garrett, 2000; Lau, Kontos, Collins, Mucha, & Lovell, 2011; McCrea, et al.,
2003). Other symptoms of concussion include: headache, nausea, vomiting, vestibular
disturbances, dizziness, fatigue, sleep pattern disturbances, drowsiness, sensitivity to light and or
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noise, irritability, sadness, emotional, numbness or tingling, feeling slowed or foggy, difficulty
concentrating, difficulty remembering, and visual problems (Collins, et al., 2014; Meehan,
Pierre, & Comstock, 2010). Headache is the most commonly endorsed symptom (Guskiewicz, et
al., 2000; Kontos, et al., 2012). In most cases (approximately 80%) symptoms will resolve within
3 weeks of the injury, but in some cases these symptoms can linger even longer (Lau, Kontos,
Collins, Mucha & Lovell, 2011).
Factor analysis of post concussion symptoms (assessed using the Post Concussion
Symptom Scale- PCSS) supports the use of symptom clusters to faction related symptoms of
SRC( Kontos et al. 2012) . Results from an exploratory-factor analysis conducted by Kontos et
al. (2012) proposes four distinct categories accounting for 58.3% of variance: cognitive-fatiguemigraine, emotional (affective), physical (somatic), and sleep-arousal. Similar anecdotal clinical
guidelines suggests that symptoms occurring within the first seven days should be divided into
primary and secondary symptoms (Collins, et al., 2014). This suggests that patients should be
treated similar in the first seven days (Collins, et al., 2014). If symptoms persist beyond seven
days, clinical trajectories are recommended to properly assess, track and treat the patient. Collins
et al. (2014) recommends the use of six clinical trajectories: vestibular, ocular-motor, cognitive,
post-traumatic migraine, cervical, anxiety/mood.
When assessing symptoms, clinicians should consider both age and sex of the individual.
Research suggests that male and female athletes commonly experience different symptom
trajectories (Covassin, Elbin, Harris, Parker, & Kontos, 2012). In a cohort of college and high
school aged athletes Covassin and colleagues (2012) used a 4(time) x2(sex) x2(age) repeated
measures analysis of variance (ANOVA) to assess symptoms following injury. Younger athletes
and females were more likely to have lower neurocognitive scores, and women reported more
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symptoms across all time points (Covassin et al., 2012). In addition to increased symptom
provocation, females also tend to present with more somatic and migraine-cluster symptoms
(Covassin, Elbin, Harris, Parker, & Kontos, 2013; Frommer, et al., 2011).
Other research has explored on-field concussion symptoms and recovery prognosis and
trajectory. Initially, LOC was thought to be a proxy of concussion severity, however the
literature in the last 15 years has questioned the actual relevance of LOC (Lau, Lovell, Collins,
Pardini 2009; Collins, Iverson, Lovell, McKeag, Norwig, Maroon, 2003). Rather focus has
shifted towards identifying correlates to protracted recovery such as: retrograde/post-traumatic
amnesia and dizziness( Lau, et al., 2011). In 2011, a study conducted by Lau and colleagues
found on-field dizziness to be a predictor (Odd’s Ratio = 6.34) of prolonged recovery. Similarly,
dizziness has also been correlated to prolonged social impairments following concussion (Yang,
Tu, Hua, & Huang, 2007). Chronic and sub-acute symptoms can cause student athletes to
perform poorly in school, become socially withdrawn, and become depressed. The psychological
components of recovery play major roles in rehabilitation (Wiese-Bjornstal, White, Russel, &
Smith, 2015).
Nevertheless, preventing and treating long-lasting effects of concussion is the focus for
many clinicians. These effects are more likely to occur if the individual returns to play without
properly recovering from their concussion. Elbin and colleagues (2016) reported that athletes
reportedly returning-to-play despite sustaining a concussion were 8.8 times more likely to have a
protracted recovery lasting longer than 20 days. After adjusting for other predictors of protracted
recovery (eg. age, sex, post-traumatic migraine) the risk of continuing to play with a concussion
was exacerbated, resulting in an adjusted odds ratio of 14.2 (Elbin, et al., 2016).
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Another risk associated with continuing to play with a concussion or returning to play too
quickly is second impact syndrome. This is an extremely rare catastrophic brain injury that
results in edema and a breakdown of the blood-brain barrier. This syndrome can occur when an
athlete receives another concussive blow before fully recovering from the first concussion. Many
researchers believe that the brain is more susceptible to concussion, when in the hypermetabolic
stage (Laurer et al., 2001). Normal cellular response following concussion results in
vasoconstriction, however during second impact syndrome this vascular regulatory function is
impaired resulting in quickly diffusing edema (McCrory, 2001).The excessive edema can cause
brainstem compression and hematomas (Le, & Gean, 2009). Onset of this syndrome can take less
than 5 minutes to be in full effect (Reilly, 2001). For this reason, it is important to accurately
detect, monitor, and fully rehabilitate concussions to prevent further damage.
Management Approaches for Sport-Related Concussion
After a suspected SRC, immediate removal from play is recommended (Elbin, et al.,
2016; McCrory, et al., 2013). This recommendation is aimed to prevent successive SRC impacts
and protect potentially compromised brain tissue. Concussions are heterogeneous injuries and
may present in a variety of ways. A multidisciplinary approach is recommended in order to best
account for the variety of presentations (Johnson, Kegel, & Collins, 2011; McCrory, et al.,
2013). Four main facets of post-concussion evaluation aim to assess: neurocognitive function,
vestibular-ocular function, balance performance, and symptoms. In more recent years efforts to
promote objective measures of post-injury deficits have been endorsed in consensus statements;
however, symptom assessments remain an essential cog in management of concussion
(McCrory, et al., 2017).
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Symptom reporting can be assessed in a more relaxed clinical interview format or in a
structured intake form. The Post-Concussion Symptom Scale (PCSS) is an intake form used to
assess self-reported symptoms. Twenty-two symptoms are scored on a 7-point Likert scale (0-6),
these symptoms can be grouped into specific categories. In 2016, a study conducted by Elbin et
al., compared methods of symptom reporting in a cohort of adolescent athletes. In a cohort of 54,
symptom severity scores were significantly lower using an open clinical interview approach
when compared to a guided clinical interview, a computerized symptom inventory, and parent
reports (Elbin, et al., 2016).
Return-to-play (RTP) protocol is used to help integrate athletes safely back into his or her
sport. Rest was once believed to be the best mechanism of treatment for concussed individuals
but research shows that a slow progression both back into normal everyday encounters and
physical activity is beneficial. The current RTP protocol endorsed and used by many athletic
trainers and clinicians is a graduated five-step progression. Although return-to-play progression
is standardized, decisions should be individualized, and progression can vary between athletes
(Harmon, et al., 2013). Interestingly, over 27% of athletes who reported being symptom free
after RTP exertion did not pass all of the neurocognitive tests (McGrath, et al., 2013). This is yet
another reason why CNT is an important tool used in assessing concussion recovery.
Computerized Neurocognitive Testing
Neurocognitive testing has been increasingly useful in assessing concussion for the past
30 years, and is now considered a cornerstone in concussion management. Although the roots of
cognitive testing lie in traumatic brain injury research, much of the USA's sport-related
concussion testing can be attributed to J. T. Barth. In 1976 Barth began by using tests shown to
detect deficits caused by mild head trauma, and complied a relatively brief test battery. This test
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consisted of nine different cognitive function tests and took approximately 45 minutes to
administer. Barth and colleagues (1983) collected "baseline" data from over 2,300 football
players around the nation. In the event of a concussion, the same battery was administered after
24 hours, five days, and ten days post-concussion. This study found significant differences
between baseline and concussed players at both 24 hours and five days post-concussion. This
study helped create a foundation for the use of neurocognitive and neuropsychological testing in
the diagnosis of concussion. It is recommended that all athletes sustaining a concussion have a
neurological evaluation during the management of their injury (McCrory, et al., 2013)
With the advancement in technology, researchers developed computerized
neurocognitive tests. These tests are an essential component of current concussion management
(McCrory, et al., 2013). CNT are more sensitive to fractional reflex delays and also provided a
more economical and useful testing method as compared to the paper and pencil tests. CNT has
been validated by numerous researchers as a reliable measure of cognitive function (Van
Kampen, et al., 2006). Computerized Neurocognitive testing is best administered in a prospective
and retrospective method. Prospective baseline tests are administered before an athlete begins
contact activities and gives a snapshot of an individual's cognitive function. After a suspected
concussion the battery is repeated and the results are compared. Cognitive impairment, slower
reaction times, and lower composite scores calculated by the CNT are indications of a
concussion.
Factors Effecting Computerized Neurocognitive Testing
There are several factors that affect computerized neurocognitive testing. First, the
athlete's motivation has been shown to affect the outcome of the test (Bailey & Arnett, 2006).
ImPACT has an internal validity indicator that helps to red-flag scores that may be a result of an
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athlete not giving their best effort during the test. Even with the validity measure it is difficult to
assess the individual’s motivation and effort. Other factors such as sex (Covassin, et al., 2012),
age (Covassin, et al., 2012), learning disabilities (Elbin et al., 2013), sleep quality (Mihalik et al.,
2013), and concussion history (Broglio et al., 2014) can negatively skew the CNT results.
Another factor that can negatively affect the results of CNT is exertion. Both cognitive fatigue
and physiological fatigue is shown to have significant effects on cognition (Covassin, et al.,
2007; Sufrinko, Johnson, & Henry, 2016).
Despite several factors that have shown to affect the accuracy of CNT, these test are
useful in objectively assessing the cognitive effects of a concussion. Research shows that when
computerized neuropsychological testing is used, in evaluation of HS athletes, individuals are
less likely to return to play pre-maturely (Meehan, et al., 2010). Clearly, CNT is a useful tool for
concussion diagnosis
Exertion Effects on Cognition
The relationship between exercise and cognitive performance has been studied, and
theories used to explain the mechanism responsible for the interaction of exercise and cognition
have evolved since the mid 1900's. Unfortunately, research has yielded different conclusions and
much controversy exists concerning facilitative or detrimental effects of exercise on cognition.
The theoretical underpinnings of acute exercise and its interaction with cognitive function
evolved from an "inverse-U effect" model rooted in cognitive psychology. In 1973, a cognitive
psychologist theorized that acute exercise was similar to a psychological stressor and its effect on
cognition (Davey, 1973). According to the Yerks and Dodson law (1908) as arousal increases
performance also increases until the critical point in which too much arousal causes decreased
performance. This relationship when plotted appears as an inverted U. Extreme low and high
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arousal/stressful environments facilitates minimal performance, while moderate arousal/stressful
environments facilitates maximal performance. This theory was also supported by Cooper in
1973, however the mechanism explaining the inverse-U effect was rooted in neurobiology.
Cooper proposed that increasing exercise intensity increases catecholamine concentration in the
blood plasma; increased blood plasma concentrations of catecholamines increases dopamine and
noradrenalin neurotransmitters; noradrenalin increases arousal in the reticular formation, and
arousal facilitates better performance. However, Cooper proposed that high intensity exercise
elicited too much arousal, creating "noise" that would interfere with performance (Cooper,
1973).
The inverse-U relationship between exercise intensity and cognition was believed to
explain this complex relationship for many years. Many scientists supported Cooper and Davey's
inverse-U model. In 1983, scientist reported plasma concentrations of neurotransmitters
adrenaline and noradrenalinin rise exponentially with maximal graded exercise tests (Green,
Hughson, Orr, & Ranney, 1983). Additionally, other researchers found that a critical threshold
for catecholamines occurs near 75% of an individual's VO2max (Podolin, Munger & Mazzeo,
1991). This critical threshold would correlate to the peak of the inverse-U.
However, the relationship between acute exercise and cognition is dynamic, and can
differ depending on intensity of exercise, mode of exercise, aspect of cognition assessed, and
recovery time following a bout of exercise in 1976, Wrisberg and Herbert found that physical
fatigue is a performance variable and that different fatigue mechanisms could result from
different types of exercise. Much of the research concerning cognition and exercise is centered
on moderate intensity exercise as a mechanism to enhance or "arouse" (Nada et al., 2013). Other
studies have shown that physical activity, when completed to exhaustion, results in negative
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cognitive effects (McMorris & Hale, 2012). Although all of these studies have important
implications, the negative effects of exertion found in literature has a more important hold on
concussion neurocognitive testing. High intensity and maximal exercise has been shown to
negatively impact neurocognitive function (Covassin, et al., 2007; Whyte, Gibbons, Kerr, &
Moran, 2014).
In Covassin's (2007) study baseline CNT was administered to all participants. The
treatment group completed a VO2 max treadmill test and then immediately took ImPACT a
second time. The control group remained at rest for 15 min (the approximate time it takes for
completion of a VO2 max treadmill test) and also took ImPACT a second time. Means and
standard deviations were calculated and the level of significance was set (p=0.05). Significant
decreases were seen in verbal memory, specifically immediate recall, and delayed recall. Teasing
apart neurocognitive deficits caused by concussion or exhaustion is nearly impossible. The
results of this study imply that CNT should not be administered immediately after maximal
exertion for the most accurate CNT results. Clearly, exertion has effects on cognition and these
detriments could negatively impact the validity of CNT baseline scores. Since the early 2000's
other theoretical models have been developed to explain the interaction between acute exercise
and cognitive function.
Transient Hypofrontality Theory
One theory that researchers have proposed to explain the negative effects of exertion on
cognition is the transient hypofrontality theory. The transient hypofrontality theory argues that
higher levels of cognitive function are impaired as a result of exercise (Dietrich, 2006). The brain
receives a constant supply of nutrients and oxygen despite an increase in cardiac output due to
exercise (Ide & Secher, 2000). During exercise, blood carrying oxygen and nutrients is directed
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towards the working muscles as a smaller percentage of blood is allocated for the brain (Ide &
Secher, 2000). Exercise and movement of large muscle groups requires a significant amount of
neural stimulation. This increase in stimulation results in depressed prefrontal cortex functioning,
therefore a decrease in higher level cortical functioning. During exercise utilities needed for
higher-level executive control are depressed.
The transient hypofrontality hypothesis suggests that higher-level cognitive processing
requiring prefrontal cortex activation are temporarily impaired during and immediately after
exercise (Dietrich, 2006). This theory has been further supported by several other studies
showing that exercise impairs executive functioning and response inhibition (Audiffren,
Tomporowski, & Zagrodnik , 2009; Davranche & McMorris, 2009; Mahoney, Hirsch,
Hasselquist, Lesher, & Lieberman,2007; Pontifex & Hillman 2007). A study by Del Giorno and
colleagues (2010) also proposed that transient hypofrontality might also be responsible for
decreases in performance after exercise is terminated. They found that executive control
measures remained impaired for a significant amount of time post exercise, potentially until the
brain has time to return to homeostasis (Del Giorno, Hall, O'Leary, Bixby, & Miller, 2010).
This theory supports the idea that exercise, causing significant exertion, can potentially
depress cortical functioning. Higher level cortical functioning is responsible for several aspects
of cognition, including those measured by CNT. This theory helps explain why baseline scores
may be depressed after maximal exertion. According to this theory, the appropriate timeline for
administering CNT after maximal exertion depends on the amount of time it takes the brain to
return to normal function and homeostasis.
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VO2 Maximal Testing as a Measure of Exhaustion
According to anecdotal reports baseline testing is often worked in and around games,
practices, and conditioning, potentially leaving student athletes in an exerted state. In 1923 Hill
and Lupton defined VO2 max as the maximal oxygen uptake an individual could elicit during
maximal exercise. Maximal exertion can be measured several different exercise types including
using a cycle ergometer or treadmill. A maximal VO2 test is confirmed with physiological
values. These include: a plateau in oxygen consumption with increasing workload, a heart rate
greater than or equal to 10-12 beats below their age-estimated max (220-age), and a respiratory
exchange ratio greater than 1.05- 1.15 (Beams & Adams, 2014). Additionally, rating of
perceived exertion greater than 18 on a 6-20 scale is a confirmatory factor used (Riebe, Ehrman,
Ligouri, & Magal, 2017).

Several protocols for eliciting maximal VO2 exercise intensity have been proposed and
are widely used to assess cardio-respiratory performance. It is widely accepted that normal
populations perform 5-10% better using treadmill protocols when compared to cycle ergometers.
Test duration ranging from 8-12 minutes is supported by several studies to elicit best
performance (Buchfuhrer, et. al., 1983; Yoon, Kravaitz, & Robergs 2007). When using graded
exercise tests with standardized starting intensities and pre-set incremental stages- variations in
aerobic fitness and strength may result in test durations outside of the 8-12 minute window.
Additionally, Mauger and Sculthrope (2001) reported self-paced VO2 max protocols elicit higher
VO2 max values.
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Methods
Research Design
This was a random cross over, repeated measures design study.
Participants
A convenience sample of healthy, university students (18-26 yrs.) were recruited for the
study. All participants were required to be moderately active or vigorously active according to
the International Physical Activity Questionnaire-Long Form and deemed healthy enough to
complete a maximal oxygen consumption (VO2max). Any participant with diagnosed learning
disability, ADHD, psychological disorder (e.g., clinical depression/anxiety), history of substance
abuse, non-English speaking, or reported sustaining a concussion within the last six months was
excluded from participating in this study.
Instrumentation/Measures
Pre-participation evaluation measures.
Medical History Questionnaire. As part of the initial screening process, individuals were
required to fill out a medical history questionnaire, provided by the University of Arkansas
Exercise Research Center. This intake form is comprised of 29 questions. Participants were
asked to answer questions concerning their medical history. Answers were reviewed by a
certified athletic trainer to ensure that participants did not have any pre-existing conditions or
injuries that would make a graded exercise test high risk. Individuals not cleared for
participation were referred to a medical doctor to seek clearance before enrolling in the study.
Individuals that did not complete the required follow-up were excluded from participation. The
medical history questionnaire is provided in Appendix C.
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International Physical Activity Questionnaire Long Form. The International Physical
Activity Questionnaire Long Form (IPAQ) is a validated 7-day recall assessment. Intended to be
used in populations age 18-65, this form quantifies physical activity performed during work,
activities of daily living, and leisure (Craig, et al., 2003). Activities are classified by intensity
(vigorous, moderate, low) and type (leisure, work-related, activities of daily living, etc.).
Responses are quantified and summed using metabolic equivalents (METS), activity duration,
and frequency. A data analysis instruction provided by the IPAQ website includes formulas and
standards used to classify participants as low, moderate or highly active (Patterson, 2005). The
IPAQ-long is provided in Appendix D. Classification and data truncation methods are provided
in Appendix E.
Pre-trial compliance assessments/measures.
Hydration status. Urine specific gravity (USG) was accessed via a spot sample. A small
amount of urine is analyzed using a refractometer as a proxy of hydration. Urine specific gravity
is a convenient and non-invasive method used clinically to assess hydration. A USG >1.025 has
been shown to have a specificity of 91%, and sensitivity of 89% in detecting dehydration
(Cheuvront, Ely, Kenefick, & Sawka 2010).
24-Hour History Intake Form. In order to ensure pre-test compliance was followed, a 24Hour Intake Form was used. Participants were asked to report hours of sleep, fluid intake,
physical activity, and when they last consumed caffeine, OTC drugs, supplements, or alcohol
and their overall rating of how they feel. The 24-Hour History Intake form is provided in
Appendix F.
24-Hour Diet Record. Participants were asked to complete a diet record documenting all
food ingested within 24 hours of the trial. Participants were encouraged to maintain similar
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eating habits prior to each testing session. Each diet log was analyzed using Nutritionist Pro
software (Axxya Systems, 2018). A blank diet record is provided in Appendix G.
The maximal graded VO2 max treadmill test and associated measures.
VO2 max protocol. Participants performed a maximal graded exercise test to determine
maximal oxygen consumption (VO2max). Participants were asked to run on a treadmill while
equipped with headgear used to facilitate breathing in room air and exhaling into a HansRudolph mouthpiece. The mouthpiece was connected via a flexible plastic tube to a calibrated
metabolic cart (ParvoMedics, Sandy, UT). To ensure all expired air was collected, participants
wore a nose clip. The treadmill speed was initially set at a slow speed with no incline
(approximately 60% the participants “all out” mile pace). Intensity of exercise was increased
every 2 minutes by increasing the grade of the treadmill by 2%. The protocol used for this study
was modified from the Arizona State University protocol (George, 1996). The test was continued
until volitional exhaustion was reached. The data intake form used during the maximal graded
exercise test is provided in Appendix H. Verbal encouragement cues used during the exercise
test are provided in Appendix I. Additionally, intake forms used during recovery are provided in
Appendix J.
Heart rate. The participant was fitted with a Blue-tooth equipped heart rate monitor
(PolarFT1). Heart rate was assessed before changing stages throughout the maximal graded
exercise test. Additionally, the participant’s heart rate was recorded following 1 minute of
recovery, and at the start and end of each CNT.
Rating of perceived exertion (RPE). The Borg (6-20) scale was used in this study (Borg,
1970). During the maximal graded exercise test participants were asked to rate their perceived
exertion approximately 15-seconds before each 2 minute stage ended, and immediately following
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exercise test termination. Since participants were equipped with mouth gear, RPE was indicated
by participants by pointing to a number on the Borg RPE scale.
Respiratory exchange ratio (RER). Respiratory exchange ratio is a measure of metabolic
function during exercise. This value is calculated by the metabolic cart, and is used as a
determinate of maximal exercise test qualification. Respiratory exchange ratio is the proportion
of expired carbon dioxide volume to inhaled oxygen.
VO2peak. VO2 peak was determined by analyzing metabolic cart output data. The
metabolic cart was configured to analyze expired air every 15-seconds. The VO2 peak was
defined as the highest 15-second relative VO2 value.
VO2last-minute average. VO2last-minute average was calculated using the metabolic cart
output data. This value was defined as the average of the relative VO2 values during the last
minute of the exertion test.
Neurocognitive and Symptom Assessments.
CNT. Computerized neurocognitive performance was measured using The Immediate Post
Concussion Assessment and Cognitive Testing (ImPACT). The ImPACT battery takes
approximately 20-25 minutes to complete and is comprised of three sections: demographics, post
concussion symptom scale, and neurocognitive tasks. ImPACT has five test versions, different
test versions were used in each trial to minimize practice effects. After completion of the
assessment, ImPACT generates outcome composite scores for the cognitive domains of verbal
memory, visual memory, processing speed, and reaction time (Iverson, Lovell, & Collins, 2003).
The ImPACT battery has demonstrated acceptable validity and reliability over 8 days across 4
administrations, yielding correlation coefficients ranging from .62 to .88 for outcome scores
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(Iverson, et al., 2003). Additionally, the sensitivity and specific of this measure is tool, 81.9% an
82.4%, respectively (Schatz, et al., 2006).
Post-concussion Symptom Scale. The post-concussion symptom scale is
composed of 22 symptoms ranked on a 7-point Likert scale (0= "not experiencing a given
symptom" and 6= "severe"), reliability and validity of this measure is supported in several
studies (Lovell, et al. 2006; Kontos et al., 2012). Total symptom score is the sum of all 22
symptom reports. Additionally, a supplementary analysis of symptom clusters was examined
trends in symptom reporting. Symptom clusters group PCSS symptoms into four domains:
cognitive-sensory, affective, sleep-arousal, and vestibular-somatic symptoms (Kontos, et al.,
2012).
Self-Reported Effort Assessment.
Effort Form. An effort form created by the researchers was used to assess participant’s
effort during the trial, and confirm physical activity level. The form was given to the participant
immediately following the completion of the CNT. The effort form consisted of a 4-point likert
scale (1= "No Effort" and 4= High Effort") and is provided in Appendix K.
Procedure
This study obtained IRB approval (Appendix L) and all participants provided informed
consent. Each participant completed four separate experimental trials (baseline, immediate
recovery, 10-minute recovery, and 20-minute recovery) order was randomized and
counterbalanced. During the baseline visit, the participant did not participate in any type of
exercise protocol and only took ImPACT. The remaining trials required participants to complete
a maximal graded VO2 max treadmill test followed by a timed rest interval [immediate (<2minute), 10-minute, or 20-minute] before taking ImPACT.
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Before beginning an experimental trial, pre-test compliance was confirmed by examining
the 24-hour Diet Record, the 24-Hour History Intake form, and analyzing a urine spot sample. In
order to participate, individuals needed to be well hydrated (USG ≤ 1.025). Additionally,
participants were not permitted to consume caffeine or exercise within 12-hours, or intake OTC
drugs within 48-hours prior to the start of the trial. During the first VO2 max trial, participants
self-select the treadmill belt speed. To encourage equivalent exertion protocols this speed was
used for all successive tests. Exercise intensity was increased incrementally by increasing the
percent gradient by 2% every 2 minutes. Throughout maximal graded VO2 max treadmill test,
researchers assessed heart rate, RPE, RER, and other physiological markers of maximal exertion.
Heart rate, RPE, RER, and measured VO2 was recorded at the end of each 2 minute stage.
Participants were verbally encouraged during the VO2 max test to elicit best performance.
Verbal encouragement cues used throughout the exertion protocols are provided in Appendix I.
The VO2 max/peak was confirmed using 2 of the 4 criteria: as a plateau in oxygen consumption,
heart rate > estimated maximal heart rate (220-age) +/- 10 bpm, RPE > 17, or a respiratory
exchange ratio (RER) > 1.1. Volitional exhaustion was assumed when the participant could no
longer keep up with the treadmill, or the participant indicated they wished to stop.
Immediately following termination of the maximal graded VO2 max treadmill test
recovery time was started, and the participant was escorted off the treadmill into the CNT testing
room. Heart rate during the recovery period was recorded: one minute after cessation of exercise
and at the end of the recovery interval. During the recovery interval participants were asked to sit
quietly, and were prohibited from reading, using cellular devices, or walking. Once the maximal
graded VO2 max treadmill test, the recovery interval and ImPACT administration was complete,
each participant was asked to rate their performance effort.
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Data Analysis
All statistical analyses were conducted with SPSS (IBM Corp., 2016).
Inspection of data for accuracy and completeness. The data was inspected by the
researcher for outliers, and completeness.
Examination of normality. Normality was examined in outcome variables using a
Shapiro-Wilks test, significance was set at p=.05. Additionally, skewness and kurtosis of the
results was examined.
Examination of sphericity. Sphericity was examined using Mauchly’s test of sphericity,
significance was set at p=.05.
Describing the sample.
Descriptive statistics (means and standard deviations) were used to describe the sample
based on age, height, and weight. Additional descriptive information was analyzed using
frequencies (concussion history and IPAQ rating of physical activity).
Examining test condition equivalence.
To examine equivalence of test condition s based on pre-trial compliance
assessments/measures a series of repeated measures analysis of variance (ANOVAs) were
performed on hydration status (USG), and components of the 24-Hour History Intake Form and
24-Hour Diet Record (i.e. duration of previous night’s sleep, rating of overall feeling, and 24hour total caloric intake). Additional repeated measure ANOVAs were conducted to examine
equivalence of the maximal graded VO2 max treadmill test outcomes across all trials with an
maximal exertion intervention preceding ImPACT administration (i.e. RER, RPE, VO2peak , VO2
last-minute avg., duration

of exercise, maximum heart rate, and heart rate 1 minute post exercise).

Lastly, a repeated measure ANOVA will be used to examine effort across all conditions based on
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likert-scale reports from the Effort Form. Bonferroni-corrected post-hoc analysis was used to
control for multiple comparisons for all repeated measures ANOVAs; level of significance was
set to (p < .01).
Heart rate recorded at the start and end of CNT.
Two repeated measures ANOVAs were performed on heart rates recorded at the start
and end of CNT. The independent variables was defined as the recovery interval [baseline,
immediate (<2-minute), 10-minute, or 20-minute], and the dependent variable was heart rate
(bpm). Bonferroni-corrected post-hoc analysis was used to control for multiple comparisons;
level of significance was set to (p < .01).
Evaluation of hypotheses 1-5: CNT outcomes and symptom reports.
Data analysis for hypothesis 1: Verbal memory composite scores will be significantly
lower than baseline at the immediate recovery interval, but not at the 20-minute recovery
interval. A repeated measures ANOVA was performed on verbal memory composite scores.
The independent variables was defined as the recovery interval [baseline, immediate (<2minute), 10-minute, or 20-minute], and the dependent variable was the ImPACT verbal memory
composite score. Bonferroni-corrected post-hoc analysis was used to control for multiple
comparisons; level of significance was set to (p < .01).
Data analysis for hypothesis 2: Visual memory composite scores will be significantly
lower than baseline at the immediate recovery interval, but not at the 20-minute recovery
interval. A repeated measures ANOVA was performed on visual memory composite scores. The
independent variables was defined as the recovery interval [baseline, immediate (<2-minute), 10minute, or 20-minute], and the dependent variable was the ImPACT visual memory composite
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score. Bonferroni-corrected post-hoc analysis was used to control for multiple comparisons; level
of significance was set to (p < .01).
Data analysis for hypothesis 3: Processing speed composite scores will be significantly
lower than baseline at the immediate recovery interval, but not at the 20-minute recovery
interval. A repeated measures ANOVA was performed on processing speed composite scores.
The independent variables was defined as the recovery interval [baseline, immediate (<2minute), 10-minute, or 20-minute], and the dependent variable was the ImPACT processing
speed composite score. Bonferroni-corrected post-hoc analysis was used to control for multiple
comparisons; level of significance was set to (p < .01).
Data analysis for hypothesis 4: Reaction time will be significantly faster than baseline
at the immediate recovery interval, but not at the 20-minute recovery interval. A repeated
measures ANOVA was performed on reaction time. The independent variables was defined as
the recovery interval [baseline, immediate (<2-minute), 10-minute, or 20-minute], and the
dependent variable was the reaction time scores. Bonferroni-corrected post-hoc analysis was
used to control for multiple comparisons; level of significance was set to (p < .01).
Data analysis for hypothesis 5: Total PCSS scores will be significantly higher than
baseline at the immediate recovery interval, but not at the 20-minute recovery interval. A
repeated measures ANOVA was performed on total PCSS scores. The independent variables was
defined as the recovery interval [baseline, immediate (<2-minute), 10-minute, or 20-minute], and
the dependent variable was the total PCSS score. Bonferroni-corrected post-hoc analysis was
used to control for multiple comparisons; level of significance was set to (p < .01).
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Results
Participant Recruitment
A total 55 people responded to the posted flyers (Appendix A) by emailing the
researcher. An additional 16 people expressed interest in the study and contacted the researcher
directly. The researcher responded using form email to provide individuals a brief synopsis of
the protocol and a list of inclusion and exclusion criteria. A copy of the form email is provided in
Appendix B. Individuals, who were still interested, were instructed to set up a meeting to
discuss specific requirements and fill out additional screening forms. A total of 37 individuals
filled out screening forms, two individuals were not cleared to participate without a
comprehensive medical exam and opted to not participate. Additionally, five participants did not
complete all visits yielding an overall attrition rate of 14% (5/35). These individuals are not
included in the analysis.
Participant Demographics
The final sample included 30 college-aged participants, with ages ranging 18 to 26 years
(M=21.87 ± 2.29). The majority (63.3%) of participants were male (19/30), and the remaining
36.7% of the sample were female. Seventy-percent (21/30) of the sample were categorized as
highly active according to the IPAQ. Demographics of the final sample, and subgroups based on
sex are provided in Table 1.
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Table 1.
Demographics of the total sample (N=30), males (n=19) and females (n=11).

Age

Total Sample
M
SD
21.87
2.29

Males
M
SD
22.11
2.49

Females
M
SD
21.45
1.92

Height (cm)

175.5

9.5

179.8

8.5

167.9

5.9

Weight (kg)

72.5

12.4

77.6

11.4

63.9

9.0

Frequencies and Percentages
IPAQ rating
Moderate

(9/30) 30.0%

(5/19) 26.3%

(4/11) 36.4%

High

(21/30) 70.0%

(14/19) 73.7%

(7/11) 63.6%

Yes

(5/30) 16.7%

(4/19) 21.1%

(1/11) 9.1%

No

(25/30) 83.3%

(17/19) 79.9%

(10/11) 90.9%

History of Concussion

Examining Test Condition Equivalence
A series of one-way repeated measures ANOVAs were conducted to compare pre-trial
compliance assessment/measures and Self-reported Effort for each test administration. Hydration
status assessed using spot-sample USG was not significantly different between trials, (p = .811,
Wilks λ = .97, F [3,27] = .32, η2 = .034). Sleep duration the night before each trial was not
significantly different (p = .11, Wilks λ = .75, F [3,27] = 2.28, η2 = .255). Subjective rating of
overall feeling was not significantly different (p = .188, Wilks λ = .83, F [3,26] = 1.72, η2 =
.166). Total 24-hour caloric intake was not significantly different between trials (p = .274, Wilks
λ = .87, F [3,27] = 1.37, η2 = .132). Self-reported effort assessed after the completion of each test
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session was not significantly different between trials (p = .409, Wilks λ = .90, F [3,27] = 1.0, η2
= .103). Means and standard deviations for each trial are presented in Table 2.
Table 2.
Mean and standard deviations for Pre-Trial Compliance Assessments/Measures and Selfreported Effort Assessment, (N=30).
Baseline
Immediate 10-minute
20-minute
Measure
M
SD
M
SD
M
SD
M
SD
Hydration Status (USG)
1.011 .007 1.012 .006 1.012 .008 1.011 .007
Duration of Previous Night’s Sleep (hrs) 7.37

.91

6.96

.96

7.22

1.07

7.52

1.19

Subjective Rating of Overall Feeling a

3.4

1.2

3.5

1.1

3.2

1.0

3.21

1.2

1935

775

1884

869

1877

883

2185 1054

3.9

.26

3.90

.31

3.90

.31

3.97

24-hour Caloric Intake (kcal)
Self-Reported Effort b

.17

Note. a Subjective Rating of Overall Feeling was reported by selecting 1 of 9 choices. These
choices were organized in descending fashion and coded; 1=“excellent” and 9 =“terrible.” bSelfReported Effort. *p < .01
The results of a series of one-way repeated measures ANOVAs for graded maximal VO2
treadmill test outcomes were conducted to compare exertional trials. No significant differences
were observed between the immediate, 10-minute, and 20-minute test outcomes during the
graded maximal VO2 treadmill protocol (RER, RPE, VO2peak, VO2 last minute avg., duration of
exercise, maximum heart rate, and heart rate 1 minute post-exercise).
The peak respiratory exchange ratio at volitional exhaustion was not significantly
different between trials (p = .462, Wilks λ = .95, F [3,27] = .793, η2 = .054). The subjective
rating of perceived exertion (RPE) at the end of the treadmill protocol was not significantly
different between trials (p = .655, Wilks λ = .97, F [3,27] = .430, η2 = .030).
The VO2peak (ml/kg/min) value based on 15-second interval measurements was not
significantly different between trials, (p = .452, Wilks λ = .95, F [3,27] = .818, η2 = .055). The
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VO2 last minute average measurements were not significantly different (p = .889, Wilks λ = .99, F
[3,27] = .118, η2 = .008). The duration of exercise was not significantly different between
exertion trials (p = .871, Wilks λ = .99, F [3,27] = .138, η2 = .010).
Maximum heart rate was not significantly different between exertion trials (p = .941,
Wilks λ = 1.0, F [3,27] = .061, η2 = .004). Heart rate observed 1minute after stopping the
treadmill belt was not significantly different (p = .208, Wilks λ = .89, F [3,27] = .1.66, η2 =
.106). Means for each trial are presented in Table 3.
Table 3.
Mean and standard deviations for test outcomes of the graded maximal VO2 treadmill protocol,
(N=30) .
10-minute
Immediate
20-minute
Measure
M
SD
M
SD
M
SD
RER
1.11
.04
1.11
.04
1.12
.04
RPE (Borg 6-20 Scale)

19.1

1.1

19.2

1.0

19.3

.8

VO2peak (ml/kg/min)

53.93

9.43

54.68

10.13

53.98

10.13

VO2 last minute avg. (ml/kg/min)

52.30

9.52

51.87

11.56

52.40

9.74

Duration of Exercise (minutes)

13.5

2.1

13.7

2.5

13.6

2.2

Maximum Heart Rate (bpm)

192.33

8.48

192.37

7.90

192.00

7.63

Heart Rate 1 minute post exercise

155.60

20.35

152.60

14.91

156.57

12.29

Note: *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from 10 min; d=
Different from 20 min

Heart Rate Recorded at the Start and End of CNT
Significant within-subject effect was observed for heart rate taken at the start (p=.00,
Wilks λ = .04, F [3,27] = 241.4, η2 = .96) and finish (p=.000, Wilks λ = .07, F [3,27] = 116.2, η2
= .928)of CNT. Post-hoc analysis revealed significant differences between baseline pre-test HR
when compared to immediate [t(29)= -20.6, p= .00], 10-minutes [t(29)= -23.2, p= .00], and 20-
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minute [t(29)= -9.6, p= .00] post-exertional recovery trials. Significant differences between pretest heart rate during the immediate trails when compared to 10-minutes [t(29)= 10.5, p= .000]
and 20-minutes [t(29)= 7.7, p= .000]. No significant difference between pre-CNT heart rate
taken during the 10-minute trial and 20-minute trial was observed [t(29)= .05, p= 1.0]. Post-hoc
analyses of heart rate taken after the completion of CNT reveled significant differences between
the baseline trial when compared to immediate [t(29)= -11.3, p= .000], 10-minutes [t(29)= 16.02, p= .000], and 20-minute [t(29)= -15.4, p= .000] post-exertional recovery trials.
Additionally, the immediate recovery trial post-CNT heart rates were significantly different from
the 20-minute recovery trial [t(29)= 4.1, p= .002]. Means for each exertion trial provided in
Table 4.
Evaluation of Hypotheses 1-5: CNT Outcomes and Symptom Reports
Normality and sphericity was examined for all CNT composite scores, and symptom
scores. Verbal memory scores violated assumptions of normality, however assumptions of
sphericity was met (Mauchly’s Test of sphericity, p=.74), skewness values ranged (-2.3– -.66),
kurtosis values ranged (-.48–6.0). Visual memory scores violated assumptions of normality at the
baseline and 10-minute recovery interval, however assumptions of sphericity was met
(Mauchly’s Test of sphericity, p=.11) , skewness values ranged (-.92– -.22), kurtosis values
ranged (-.73–.46). Processing speed scores violated assumptions of normality at the immediate,
10-minute, and 20-minute recovery interval, assumptions of sphericity was met (Mauchly’s Test
of sphericity, p=.19) , skewness values ranged (-1.1– -.59), kurtosis values ranged (-.27–1.3).
Reaction time violated assumptions of normality at the 10-minute and 20-minute recovery
interval, assumptions of sphericity was violated (Mauchly’s Test of sphericity, p=.01), skewness
values ranged (-.29– 1.1), kurtosis values ranged (-.49–1.7). PCSS total scores violated
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assumptions of normality, assumptions of sphericity was also violated (Mauchly’s Test of
sphericity, p=.00), skewness values ranged (1.2– 2.3), kurtosis values ranged (-.74–5.7).
The results from a series of repeated measures ANOVA, examining hypothesized
differences in CNT composite scores based on the duration of the recovery interval is provided
below. There was no significant effect based on recovery interval for verbal memory (p= .29,
Wilks λ = .87, F [3,27] = 1.31, η2 = .13). There was no significant effect based on recovery
interval for visual memory (p=.021, Wilks λ = .70, F [3,27] = 3.81, η2 = .297). There was no
significant effect based on recovery interval for reaction time (p=.29, Wilks λ = .87, F [3,27] =
1.32, η2 = .13). However, a significant effect based on recovery interval processing speed
composite scores was observed (p=.01, Wilks λ = .66, F [3,27] = 4.69, η2 = .34). Post-hoc paired
sample t-tests revealed significant improvements in processing speed composite scores between
baseline and the 20-minute rest trial [t(29)= -2.21, p= .006]. Means for each exertion trial
provided in Table 4..
Results from a repeated measures ANOVA revealed significant differences based on
recovery interval for total PCSS scores (p=.00, Wilks λ = .60, F [3,27] = 5.9, η2 = .40) between
trials. Post-hoc paired samples t-test revealed significantly higher total symptom scores
following all graded maximal VO2 treadmill tests compared to baseline pre-test symptom scores:
immediate [t(29)= -4.17, p= .002], 10-minute rest [t(29)= -3.24, p= .018] and 20-minute rest
[t(29)= -3.41, p= .011]. Means for each exertion trial provided in Table 4.
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Table 4.
Mean and standard deviations for CNT scores and physiologic data for all trials, (N=30).

HR at Start of CNT test*

Baseline
Immediate
10-minute
20-minute
M
SD
M
SD
M
SD
M
SD
b,c,d
a,c,d
a,b
a,b
62.67
10.96 142.87
23.16 102.50 11.44 102.33 20.08

HR at End of CNT test*

63.60b,c,d 10.9

Measure

Verbal Memory Composite
Score
Visual Memory Composite
Score
Processing Speed Composite
Score*
Reaction Time (sec)
Total PCSS Symptom Score*

103.37a,d

19.54

94.33a

10.77 92.17a,b 12.43

92.87

7.74

90.46

8.00

92.40

7.84

93.53

6.35

82.13

10.47

79.93

11.32

78.40

7.83

75.53

13.11

44.61d

5.25

45.86

5.50

46.27

5.08

46.61a

5.68

0.61

0.09

0.59

0.09

0.61

0.10

0.60

0.10

2.97 b,c,d

4.11

11.10 a,d

11.56

7.53 a

9.86

5.70 a,b

6.42

Note: N=30; *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from
10 min; d= Different from 20 min
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Discussion
General Discussion of Findings
The main purpose of this study was to identify the appropriate recovery interval needed
following maximal exertion before administering baseline computerized neurocognitive tests.
Baseline CNTs provide clinicians significant information useful for diagnosing and managing
concussions. When administered in an appropriate setting, CNT baseline assessments can
provide a personalized record of an individual athletes healthy neurocognitive function.
However, if baselines CNTs are not administered in settings eliciting best performance,
decreased performance may imitate poor neurocognitive capacity. When CNT is administered
post-SRC and scores are compared to an artificially decreased baseline, concussions may go
undiagnosed, and/or the athletes may be returned to play before fully recovered. It is important to
identify best-practice guidelines for administration of baseline CNT used in managing and
diagnosing SRC.
Results from this study did not support the necessity of a recovery interval following
maximal exercise to elicit accurate neurocognitve composite scores. Hypothesis 1-4 was
rejected; no significant deficits in cognitive performance were exhibited following the graded
maximal exertion treadmill test. Additionally, processing speed performance was significantly
better during the 20 minute rest interval trial compared to baseline. Results from this study did
support hypothesis 5; total symptom scores following maximal exercise were significantly higher
than symptom scores at baseline.
These results suggest that neurocognitive composite scores are not significantly impaired
by maximal exercise and CNT can be administered immediately following maximal exercise- no
recovery period is needed. However, symptom reports following maximal exercise are elevated.
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Elevated symptom scores may be of important to take into account when interpreting an
individual's baseline symptom reports.
Computerized Neurocognitive Outcomes following Maximal Exercise
Computerized neurocognitive test composite scores did not exhibit decreased
performance following maximal exercise. These results are in contrast to the findings published
by Covassin et al., in 2007. Dr. Covassin and colleagues (2007) reported deficits in verbal
memory composite scores immediately following a maximally graded treadmill exercise test.
Much of the foundation of this study was aimed to extend the results published by Covassin and
colleagues (2007) by proposing a clinically appropriate recovery interval following maximal
exercise. However, since results from this study were unable to replicate findings of decreased
neurocognitive outcome scores a proposed recovery interval cannot be determined.
As discussed in the literature review, the studies examining the dynamic relationship of
acute exercise and neurocognitive function yield inconclusive results. A meta-analysis published
by Chang et al., (2012) examined moderators of cognitive performance following acute exercise.
This meta-analysis concluded that exercise intensity, sex, and aerobic capacity are significant
moderators of performance when assessing cognitive function after a delay of 1-20 minutes.
When compared to the cohort used in Covassin’s (2007) study our sample had similar average
VO2 peak values (52.2 ± 9.8 vs 50.3 ± 6.5 ml/kg/min), and the average age in this study was
approximately 1 year older (21.9±2.3 vs. 21.0 ± 6.45). Compared to Covassin’s study, the
participant sample in this study were predominantly male. These differences, while subtle, could
be attributed to differences in main outcomes.
Although results from this study did not align with studies documenting cognitive
impairments following exercise (Covassin et al., 2007; Del Giorno, et al., 2010; Lo, et al., 2008),
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other studies have provide mixed support for cognitive changes follow exercise (Chang, et al.,
2012; Lambourne, & Tomporowski, 2010). Additionally, a more recent study, examined self
reported strenuous exercise within 3 hours of taking CNT, reporting no differences in cognitive
performance following exercise (Hall, Cottle, Ketcham, Patel, & Barnes, 2017). Although the
current study failed to replicate Covassin’s findings of decreased CNT scores, the results from
this study are not novel and have been observed in other studies aimed to examine the effects of
maximal exercise on cognitive function.
Total Symptom Scores Following Maximal Exertion
On any given day a healthy non-concussed individual may endorse symptoms assessed
by the PCSS. The average PCSS total symptom score in healthy college age men and women is
5-9, respectively (Lovell, Iverson, & Collins, 2006). In the current study symptom reports
following maximal exercise were significantly higher compared to symptom reports during the
baseline (non-exercise) trial. Increased symptom reporting at baseline may reflect prior physical
exertion and, in this study, help to distinguish variability amongst the four experimental trials.
However, since symptoms had not returned to baseline during the 20 minute recovery trial, a
proposed recovery interval for symptom resolution and CNT administration following maximal
exercise cannot be recommended. These results suggest that in order for clinicians to collect
accurate symptom reports during baseline CNT administration the recovery interval following
maximal exercise should be longer than 20 minutes.
Strengths of this Study
The repeated measures design used in this study allows for comparison across all four
conditions. This study was carefully designed to minimize the effect of moderating variables of
CNT performance such as caffeine intake, hydration status, and OTC drug ingestion. Caffeine
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has been shown to significantly influence reaction time and cognitive performance (Haskell,
Kennedy, Wesnes, & Scholey, 2005). Hydration status is also been reported to moderate
cognitive performance, euhydrated participants perform significantly better than dehydrated
individuals (Cian, et al., 2000). Participants that did not comply with pre-trial instructions or
whom were unable to meet the hydration status requirements were asked to return on another
day. Additionally, much effort was taken to ensure that participants were equally exerted on all
trials. Although researchers could not control motivation or effort, self-reports of these variables
were assessed during each visit and analyzed in statistical analyses used to assess test condition
equivalence. Results from the statistical analysis of maximal exertion test outcomes indicate that
individuals were equally exerted between all exercise sessions. Mean metabolic testing data
(RER, HR, RPE), presented in Table 4. The mean RER, HR, and RPE would qualify the
metabolic data for criteria establishing maximal exercise.
Supplementary Analyses
Supplementary exploratory analyses were conducted to explore data through a moderator
lenses. Factors such as sex and aerobic fitness level were used to dichotomize the sample.
Although underpowered, repeated measures ANOVAs were conducted with the sample
dichotomized.
When the sample was dichotomized by sex, all variables used to determine test condition
equivalence remained not significantly different; however, differences between males and
females were observed. Compared to baseline measures there were no significant changes in
CNT composite scores or symptom totals for females. Males exhibited a significant decline in
visual memory composite scores during the 20-minute recovery trial when compared to baseline
scores.
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When the sample was dichotomized by aerobic fitness, all variables used to determine
test condition equivalence remained not significantly different. The sample was dichotomized
using percentile rankings of aerobic fitness provided by the ACSM's Guidelines for Exercise
Testing and Prescription (Riebe, et al., 2017). The highly fit group was comprised of individuals
ranking above the 80th percentile. Compared to baseline, the group of highly fit individuals
exhibited significantly better processing speed scores during the 20 minute trial; all other
measures were not significantly different from baseline. Additionally, the lower fitness group
reported significantly elevated symptoms following exercise when compared to their baseline
reports. Analogous with previously published research, results from this supplementary analysis
support level of aerobic fitness and sex may moderate the effect of maximal exercise on
cognitive function.
Using symptom clusters proposed by Kontos et al., (2012), pre-test total symptom scores
were re-coded and compared across all trials using repeated measures ANOVAs. Symptoms
associated with the cognitive-sensory and affective symptoms clusters were not significantly
different following exertion trials. However significant differences following maximal exercise
were observed for the sleep-arousal and vestibular-somatic clusters. Fatigue, trouble falling
asleep, sleeping less, and drowsiness are factors within the sleep-arousal cluster (Kontos et al.,
2012). These symptoms were significantly elevated during the immediate trial when compared to
baseline reports. Headache, nausea, vomiting, balance, and dizziness are factors within the
vestibular-somatic symptom cluster (Kontos et al., 2012). These symptoms were significantly
elevated during the immediate and 10-minute recovery trial compared to baseline. These results
suggest that the majority of symptoms elicited by maximal exercise can be grouped into two
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PCSS clusters: sleep-arousal, and vestibular-somatic. If symptom reports are examined using
cluster grouping, symptoms may resolve within 20 minutes post maximal exertion.
Implications
Anecdotal evidence suggests baseline CNTs are administered in and around rigorous and
demanding sports schedules. Results from a previous study suggested CNT performance might
be significantly impaired immediately following maximal exercise. The results from this study
suggest sports medicine professionals should wait longer than 20 minutes before administering
CNT to allow baseline symptom reports to return to normal; however, CNT composite scores
remained stable after maximal exercise. Supplementary analyses suggest better processing speed
scores may alter baseline performance when assessed 20 minutes after maximal exercise in
certain groups (highly fit) of individuals, and males and females may be provoked differently.
The timeline for resolution of these changes is unknown.
Limitations
The configuration of the exercise science laboratory did not allow for “immediate”
testing following maximal exertion, the minimum recovery time was 42 seconds. The study
conducted by Covassin and colleagues (2007) reported that CNT was administered immediately
after test termination. Logistically, immediate test administration was not feasible but effort was
taken to minimize the recovery interval during the "immediate" trial. Participants in this study
were not allowed a cool down period, headgear used for the VO2 max test was quickly removed,
and the participant was escorted to the CNT testing room. Additional limitations of this study
include: using USG for a proxy of hydration, not accounting for menstrual cycles of female
participants, reliance on participant’s best effort across all trials, and using self reported activity
reports to qualify inclusion.
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Suggestions for Future Research
Future research should continue to explore the relationship between maximal exercise
and cognitive performance. Despite null results of this study, if cognitive deficits do occur
following maximal exercise wait times should be determined. This study should be repeated but
the wait time following maximal exercise should be extended to allow for symptom resolution.
Additionally, a similar study should explore the dynamic relationship of maximal exercise and
cognition in younger cohorts. Finally, other types of fatiguing exercise should be used in similar
studies to examine sport-specific exertion that may be more applicable in clinical settings.
Conclusion
The results of this study did not support the hypotheses that graded maximal VO2
treadmill testing prior to CNT administration would result in worse composite scores
immediately following exercise. Therefore, an appropriate recovery interval following maximal
exercise for neurocognitive composite scores was not indicated. The results of the current study
did support immediate symptom provocation following maximal exercise. These symptoms still
appeared to be significantly elevated following a 20 minute rest interval suggesting symptom
resolution following maximal exercise lies beyond a 20 minute recovery interval. In order to
administer baseline CNT and obtain accurate representation of normal neurocognitive
performance and symptom reports sports medicine professionals should wait longer than 20
minutes.
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Supplementary Analyses
Table 5.
Supplementary Analyses of Results
Question
Do males and females exhibit different
trends in CNT outcomes (ImPACT
composite scores and PCSS scores) across
recovery intervals following maximal
exertion?

Exploratory Analysis Performed
The sample was dichotomized, male vs. female.
A series of repeated measures ANOVAs were
performed on ImPACT composite scores and
total PCSS scores. The independent variables was
defined as the recovery interval [baseline,
immediate (<2-minute), 10-minute, or 20minute]. Bonferroni-corrected post-hoc analysis
was used to control for multiple comparisons;
level of significance was set to (p < .01). See
Table 7 and 8.

Do individuals with high aerobic fitness
exhibit different trends in CNT outcomes
(ImPACT composite scores and PCSS
scores) across recovery intervals
following maximal exertion?

The sample was dichotomized, high vs. lower
fitness. The high fitness group ranked above the
80th percentile (age and sex matched) for Aerobic
Fitness according the ACSM’s Guidelines for
Exercise Testing and Perscription (Reibe, et al.,
2017). A series of repeated measures ANOVAs
were performed on ImPACT composite scores
and total PCSS scores. The independent variables
was defined as the recovery interval [baseline,
immediate (<2-minute), 10-minute, or 20minute]. Bonferroni-corrected post-hoc analysis
was used to control for multiple comparisons;
level of significance was set to (p < .01). See
Table 9 and 10.

Are there difference in PCSS baseline
symptom clusters across recovery
intervals following maximal exertion?

PCSS symptom reports were recoded to reflect
PCSS baseline symptom clusters (Kontos et al.,
2012). A series of repeated measures ANOVAs
were performed on PCSS baseline symptom
cluster scores. The independent variables was
defined as the recovery interval [baseline,
immediate (<2-minute), 10-minute, or 20minute]. Bonferroni-corrected post-hoc analysis
was used to control for multiple comparisons;
level of significance was set to (p < .01). See
Table 11.

44
Table 6.
Male ONLY means and standard deviations of pre-trial compliance, graded maximal VO2
treadmill outcomes, and CNT scores, (n=19).
Measure

Baseline
M
SD

Immediate
M
SD

10-minute
M
SD

Pre-Trial Compliance Assessments/Measures and Self-reported Effort Assessment
Hydration Status (USG)
1.012
.01
1.013
.01
1.012
.01
Previous Night’s Sleep (hrs)
7.50
.85
9.57
11.54
7.14
.92
Overall Feeling
3.11
1.41
3.33
1.33
3.00
1.14
24-hour Caloric Intake (kcal)
1926
753
2050
1033
1951
1083
Self-Reported Effort
3.94
.24
3.89
.32
3.89
.32

20-minute
M
SD
1.013
7.36
3.28
2443
3.94

.01
1.13
.751
1151
.24

Mean and standard deviations for test outcomes of the graded maximal VO2 treadmill protocol
RER
1.12
.04
1.13
.03
1.12
RPE (Borg 6-20 Scale)
19.05
.97
19.00
1.25
19.26
VO2peak (ml/kg/min)
58.37
9.17
57.10
7.92
57.88
VO2 last minute avg. (ml/kg/min)
56.70
9.06
55.45
7.89
55.98
Duration of Exercise (minutes)
14.34
2.70
14.17
2.02
14.17
Maximum Heart Rate (bpm)
189.95 6.82
189.37
6.95
188.79
Heart Rate 1 minute post exercise
150.26 20.32 151.95 14.37 154.89

.05
.87
8.34
8.23
2.06
6.71
9.46

CNT scores and physiologic data for all trials.
HR at Start of CNT test*
60.5bcd 10.31 138.74acd
HR at End of CNT test*
61.6bcd 9.35 103.89 a
Verbal Memory Composite
92.58 8.36
90.11
d
Visual Memory Composite *
80.82 12.41
79.45
Processing Speed Composite
44.13 5.27
45.63
Reaction Time (sec)
.60
.09
.58
Total PCSS Symptom Score
3.58
4.86
11.79

23.92 102.26ab 8.56 103.79 ab 23.01
22.23 94.26 bd 8.57 89.89 bc 10.07
8.08
92.16
8.84
92.63
7.01
12.09
78.18
8.69
77.91
14.31a
5.15
46.00
5.05
46.35
5.23
.09
.62
.11
.59
.10
12.76
9.47
11.55
6.32
7.18

Note: *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from 10 min;
d
= Different from 20 min
Results from a series of repeated measures ANOVAs for pre-trial compliance
assessments and test outcomes of the graded maximal VO2 treadmill protocol show no
significant difference across all measures. Results from a series of repeated measures ANOVAs
CNT composite scores and PCSS total symptoms show no significant difference across: verbal
memory (p=.57, Wilks λ = .83, F [3,16] = .70, η2 = .12), , processing speed (p=.02, Wilks λ = .54,
F [3,16] = 4.72, η2 = .46), reaction time (p=.12, Wilks λ = .70, F [3,16] = 2.25, η2 = .30), PCSS
total score (p=.03, Wilks λ = .58, F [3,16] = 3.81, η2 = .42). Heart rate taken at the start (p=.00,
Wilks λ = .04, F [3,16] = 143.94, η2 = .96) and after (p=.00, Wilks λ = .07, F [3,16] = 76.90, η2 =
.93) CNT was significantly different across trails. Visual memory (p=.00, Wilks λ = .25, F [3,16]
= 16.35, η2 = .75), Scores during the 20 minute time interval were significantly lower than
baseline [t(11)=-6.61, p= .00].
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Table 7.
Female ONLY means and standard deviations of pre-trial compliance, graded maximal VO2
treadmill outcomes, and CNT scores (n=11).
Measure

Baseline
M
SD

Immediate
M
SD

10-minute
M
SD

Pre-Trial Compliance Assessments/Measures and Self-reported Effort Assessment
Hydration Status (USG)
1.009
.01
1.010
.01
1.011
.01
Previous Night’s Sleep (hrs)
7.17
1.00
10.44
10.58
7.33
1.32
Overall Feeling
3.82
.75
3.64
.67
3.64
.67
24-hour Caloric Intake (kcal)
1952
754
1599
849
1750
347
Self-Reported Effort
3.91
.30
3.91
.30
3.91
.30

20-minute
M
SD
1.009
7.78
3.09
1739
4.00

.01
1.30
.54
700
.00

Mean and standard deviations for test outcomes of the graded maximal VO2 treadmill protocol
RER
1.10
.04
1.09
.04
1.12
RPE (Borg 6-20 Scale)
19.36
.92
19.18
.98
19.27
VO2peak (ml/kg/min)
48.3
8.70
48.46
9.95
47.24
VO2 last minute avg. (ml/kg/min)
43.54 10.92 46.22
46.84
9.96
Duration of Exercise (minutes)
12.76
1.65
12.39
1.76
12.48
Maximum Heart Rate (bpm)
197.46
8.72 196.55 8.18 197.55
Heart Rate 1 minute post exercise
164.82 17.61 153.73 16.47 159.45

.04
.79
9.65
9.32
2.06
5.87
16.21

CNT scores and physiologic data for all trials.
HR at Start of CNT test*
66.45bcd 11.48 150.00acd
HR at End of CNT test*
67.00bcd 10.48 102.45a
Verbal Memory Composite
93.36
6.92
91.09
Visual Memory Composite
82.90
9.46
80.21
Processing Speed Composite
45.44
5.39
46.27
Reaction Time (sec)
.61
.09
.60
Total PCSS Symptom Score
1.91
2.17
9.91

20.91 102.9ab 15.73 99.82ab 14.32
14.71 94.45 a 14.28 96.09 a 15.46
8.22
92.82
6.10
95.09
4.93
11.18 78.53
7.53
74.16 12.55
6.30
46.73
5.34
47.05
6.64
.08
.59
.07
.61
.11
9.61
4.18
4.71
4.64
5.01

Note: *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from 10 min;
d
= Different from 20 min
Results from a series of repeated measures ANOVAs for pre-trial compliance
assessments and test outcomes of the graded maximal VO2 treadmill protocol show no
significant difference across all measures. Results from a series of repeated measures ANOVAs
CNT composite scores and PCSS total symptoms show no significant difference across: verbal
memory (p=.16, Wilks λ = .54, F [3,8] = 2.25, η2 = .46), visual memory (p=.90, Wilks λ = .25, F
[3,8] = 16.35, η2 = .75), processing speed (p=.34, Wilks λ = .67, F [3,8] = 1.31, η2 = .33),
reaction time (p=.51, Wilks λ = .76, F [3,8] = .84, η2 = .24), PCSS total score (p=.18, Wilks λ =
.44, F [3,8] = 2.1, η2 = .44. Heart rate taken at the start (p=.00, Wilks λ = .03, F [3,8] = 94.10, η2
= .97) and after (p=.00, Wilks λ = .06, F [3,8] = 38.72, η2 = .94) CNT was significantly different
across trails.
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Table 8.
“High Fitness” ONLY means and standard deviations of pre-trial compliance, graded maximal
VO2 treadmill outcomes, and CNT scores, (n=14).
Measure

Baseline
M
SD

Immediate
M
SD

10-minute
M
SD

20-minute
M
SD

Pre-Trial Compliance Assessments/Measures and Self-reported Effort Assessment
Hydration Status (USG)
1.010
.00
1.011
.01
1.011
.01
1.010
Previous Night’s Sleep (hrs)
7.27
.79
11.55
13.5
7.23
1.17
7.74
Overall Feeling
3.23
1.24
3.46
1.33
3.08
1.19
3.31
24-hour Caloric Intake (kcal)
2178
621
2069
889
1869
892
2454
Self-Reported Effort
4.0
.00
3.93
.27
3.93
.27
3.93
Mean and standard deviations for test outcomes of the graded maximal VO2 treadmill protocol
RER
1.11
.05
1.11
.04
1.11
RPE (Borg 6-20 Scale)
18.93
1.0
19.0
1.04
19.36
VO2peak (ml/kg/min)
62.9
7.7
61.5
6.4
62.2
VO2 last minute avg. (ml/kg/min)
61.3
7.46
60.0
6.59
60.45
Duration of Exercise (minutes)
14.4
2.46
13.8
1.76
13.7
Maximum Heart Rate (bpm)
192.9
5.7
191.5
6.0
190.7
CNT scores and physiologic data for all trials.
HR at Start of CNT test*
57.50bcd 8.06 138.79acd
HR at End of CNT test*
58.36bcd 7.74 96.00ad
Verbal Memory Composite
93.86
4.67
90.07
Visual Memory Composite
85.86
8.59
81.00
Processing Speed Composite*
45.96d 5.35
46.43
Reaction Time (sec)
.59
.09
.56
Total PCSS Symptom Score
3.64
3.93
14.71

.01
1.28
1.32
1184
.27
.05
.84
6.8
6.34
2.06
3.97

20.31 101.2ab 12.64 95.14 ab 11.7
9.27 92.86a 11.23 87.57ab 10.55
8.71
91.43
9.25
92.64
8.18
12.23 78.71
9.24
78.07 12.51
4.83
48.46
3.3
49.12 4.24a
.09
.58
.08
.58
.08
14.39
9.29
9.09
6.29
5.92

Note: *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from 10 min;
d
= Different from 20 min
Results from a series of repeated measures ANOVAs for pre-trial compliance
assessments and test outcomes of the graded maximal VO2 treadmill protocol show no
significant difference across all measures. Results from a series of repeated measures ANOVAs
CNT composite scores and PCSS total symptoms show no significant difference across: verbal
memory (p=.53, Wilks λ = .83, F [3,11] = 78, η2 = .18), visual memory (p=.02, Wilks λ = .41, F
[3,11] = 5.26, η2 = .59), reaction time (p=.40, Wilks λ = .78, F [3,11] = 1.06, η2 = .23), PCSS
total score (p=.08, Wilks λ = .56, F [3,11] = 2.9, η2 = .44). Processing speed was significantly
different (p=.01, Wilks λ = .36, F [3,11] = 6.44, η2 = .64), post- hoc analysis revealed
significantly higher scores during the 20 minute recovery interval when compared to baseline,
[t(11)=-4.6, p= .003]. Additionally heart rate taken at the start (p=.00, Wilks λ = .02, F [3,11] =
165.22, η2 = .98) and after (p=.00, Wilks λ = .03, F [3,11] = 117.1, η2 = .97) CNT was
significantly different across trails.
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Table 9.
“Lower fitness” ONLY means and standard deviations of pre-trial compliance, graded
maximal VO2 treadmill outcomes, and CNT scores, (n=16).
Measure

Baseline
M
SD

Immediate
M
SD

10-minute
M
SD

Pre-Trial Compliance Assessments/Measures and Self-reported Effort Assessment
Hydration Status (USG)
1.012
.01
1.012
.01
1.013
.01
Previous Night’s Sleep (hrs)
7.46
1.03
8.42
8.27
7.21
1.03
Overall Feeling
3.5
1.27
3.44
.96
3.38
.89
24-hour Caloric Intake (kcal)
1724.1 852.0 1722.2 844.8 1884.9 904.1
Self-Reported Effort
3.87
.35
3.87
.35
3.87
.35

20-minute
M
SD
1.013
7.63
3.13
1948.9
4.0

.01
1.15
1.09
897.6
.00

Mean and standard deviations for test outcomes of the graded maximal VO2 treadmill protocol
RER
1.11
.03
1.11
.04
1.13
RPE (Borg 6-20 Scale)
19.38
.89
19.13
1.26
19.19
VO2peak (ml/kg/min)
47.51
5.46
47.27
5.87
46.76
VO2 last minute avg. (ml/kg/min)
43.61
7.36
45.57
5.84
45.36
Duration of Exercise (minutes)
13.30
2.37 13.22 2.41
13.41
Maximum Heart Rate (bpm)
193.06 10.33 191.94 9.57 193.12

.04
.83
6.23
5.94
2.36
9.80

CNT scores and physiologic data for all trials.
HR at Start of CNT test*
67.19bcd 11.36 146.44acd 25.51 103.63ab 10.56 108.62sb
HR at End of CNT test*
68.19bcd 9.56 109.81acd 23.85 95.63ab 10.53 96.19ab
Verbal Memory Composite
92.00
9.76
90.81
7.59
93.25
6.55
94.31
Visual Memory Composite
78.88 11.13 79.00 10.76 78.13
6.66
73.31
Processing Speed Composite
43.44
5.05
45.37
6.15
44.34
5.65
44.40
Reaction Time (sec)
.92
.09
.61
.08
.63
.11
.62
Total PCSS Symptom Score
2.38
4.30
7.94
7.49
6.00
10.53
5.19

23.88
12.85
4.32
13.61
5.98
.11
7.0

Note: *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from 10 min;
d
= Different from 20 min
Results from a series of repeated measures ANOVAs for pre-trial compliance
assessments and test outcomes of the graded maximal VO2 treadmill protocol show no
significant difference across all measures. Results from a series of repeated measures ANOVAs
CNT composite scores and PCSS total symptoms show no significant difference across: verbal
memory (p=.23, Wilks λ = .73, F [3,13] = 1.63, η2 = .27), visual memory (p=.52, Wilks λ = .85, F
[3,13] = .80, η2 = .16), processing speed (p=.27, Wilks λ = .75, F [3,13] = 1.48, η2 = .25),
reaction time (p=.08, Wilks λ = .92, F [3,13] = .38, η2 = .08), PCSS total score (p=.02, Wilks λ =
.47, F [3,13] = 4.81, η2 = .53). Significant differences were observed for heart rate at the start
(p=.00, Wilks λ = .04, F [3,13] = 103.19, η2 = .96), and end (p=.27, Wilks λ = .75, F [3,13] =
1.48, η2 = .25) of CNT. Additionally heart rate taken at the start (p=.00, Wilks λ = .04, F [3,13] =
103.19, η2 = .96) and after (p=.00, Wilks λ = .09, F [3,13] = 46.7, η2 = .92) CNT was
significantly different across trails
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Table 10.
PCSS Symptom Clusters means and standard deviations of pre-trial compliance, graded maximal
VO2 treadmill outcomes, and CNT scores, (N=30).
Baseline
Immediate
10-minute
20-minute
PCSS Cluster
M
SD
M
SD
M
SD
M
SD
Cognitive/Sensory
.97
1.9
2.9
4.2
2.3
4.0
1.7
2.7
b
a
Sleep/Arousal*
1.3
1.9
3.4
3.0
2.5
2.6
2.5
2.3
Vestibular/Somatic*
.13b
.57
2.8a
3.6
1.2
1.8
.73
1.3
Affective
.47
1.2
1.3
1.7
.93
1.9
.6
1.16
Note: *=.01; a= Different from Baseline; b= Different from Immediate; c=Different from 10 min;
d
= Different from 20 min
Results from a repeated measures ANOVA revealed significant differences based on
recovery interval for PCSS sleep/arousal and vestibular/somatic cluster scores (p=.01, Wilks λ =
.65, F [3,27] = 4.8, η2 = .40) and (p=.00, Wilks λ = .60, F [3,27] = 6.0, η2 = .40), respectively.
Results from a repeated measures ANOVA revealed no significant differences based on recovery
interval for PCSS cognitive/sensory and affective cluster scores (p=.04, Wilks λ = .73, F [3,27] =
3.3, η2 = .27) and (p=.03, Wilks λ = .73, F [3,27] = 3.4, η2 = .27), respectively. Post-hoc paired
samples t-test revealed significantly higher sleep/arousal cluster scores following an immediate
recovery interval compared to baseline pre-test symptom scores interval [t(29)= -3.61, p= .01].
No significant differences were observed for 10-minute rest interval [t(29)= -2.47, p= .12] or 20minute rest interval [t(29)= -3.02, p= .03]. Post-hoc paired samples t-test revealed significantly
higher vestibular/somatic cluster scores following an immediate recovery interval compared to
baseline pre-test symptom scores [t(29)= -4.04, p= .00] and the 10-minute recovery interval
[t(29)= -3.36, p= .01] No significant differences were observed for the 20-minute rest interval
[t(29)= -2.34, p= .26].
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Appendix A- Recruitment Flyer
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Appendix B- Recruitment Materials (Form Email to individuals responding to flyer)

Hi FIRST NAME,

Thanks for responding to the flyer!

To participate in this study individuals (Age 18-26) must:

 Qualify as at least a moderate rating of physical activity based on the International Physical Activity
Questionnaire
 Be healthy enough to complete a VO2max assessment
Individuals will not be eligible for participation if they have:

 Diagnosed learning disability
 ADHD
 Psychological disorder (e.g., clinical depression/anxiety)
 History of substance abuse
 Migraine history
 Non-English speaking
 History of concussion (within the last six months) will be

If you agree to participate in the study you will be asked to visit the lab once a week for four consecutive weeks. During
these visits you will be asked to complete a maximal exertion treadmill test followed by a standardized computer
concussion test. The max exertion test will be a progressive run on a treadmill; it usually takes individuals about 10-15
minutes to reach their maximum effort. After the completion of the fourth visit to the lab you will be given $40.00.
If you are still interested and qualify we would be more than happy to include you in the study! The next step is
filling out screening forms. Do you have time tomorrow to swing by my office (HPER 219) and fill them out?
---------------------------------------------------------------------------------------------------------------------------------------------------

Thanks,
Sam
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Appendix C- University of Arkansas Medical History Questionnaire
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Appendix C- University of Arkansas Medical History Questionnaire, continued
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Appendix D- International Physical Activity Questionnaire
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Appendix D- International Physical Activity Questionnaire, continued
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Appendix D- International Physical Activity Questionnaire, continued
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Appendix D- International Physical Activity Questionnaire, continued
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Appendix D- International Physical Activity Questionnaire, continued
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Appendix D- International Physical Activity Questionnaire, continued
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Appendix E- International Physical Activity Questionnaire Long Form Scoring Protocol
Scoring of the IPAQ
Microsoft Excel was used to calculate total metabolic expenditure, metabolic calculations
and categorization of activity level are based off of guidelines provided by IPAQ on their
website (https://sites.google.com/site/theipaq/home). Table 8 outlines the qualifications for each
activity level.
Table 8
Classification
Low

Characteristic

Individuals:
Not meeting standards for
classification of moderate or high
activity.
Moderate
Individuals:
Participating in 20 minutes of
vigorous activity ≥ 3 days per week,
or participating in 30 minutes of
moderate activity (walking) ≥ 5 days
per week, or any combination of
these activities during ≥ 5 days per
week with a minimum MET
requirement = 600 METminutes/week.
High
Individuals:
Participating in ≥3 days of vigorous
activity accumulating 1500 METminutes/week, or 7 days of any
combination of vigorous or
moderate activity accumulating at
least 3000 MET-minutes/week.
Note: Adapted from Patterson, 2005.
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Appendix F- 24-Hour History Intake Form
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Appendix G- 24-Hour Diet Record
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Appendix H- Exercise Protocol Data Sheet

74
Appendix I-Verbal encouragement used during graded exercise maximal exertion test.
In order to elicit best performance, verbal encouragement was used throughout the
physical exertion trial. However, participants were not allowed to listen to music and the verbal
encouragement was limited to the list provided below in Table 10.
Table 10
Verbal Encouragement
 “Come on”



“You can do it”



“You have BLANK seconds until the



“Give me everything you have”



“Good job/work”



“Great job/work”



“Looking strong”



“Great Cadence”



“Make it to the next stage”



“Keep climbing that hill”



“Making it look easy”



“Keep going”



“Nice work”



“Keep grinding”



“Way to go”



“Keep it up”



“You got this”



“Keep pushing”



“Looking smooth”

next stage”
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Appendix J- Recovery Data Sheet
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Appendix K- Effort Form

77
Appendix L- Institutional Review Board Approval Letters

78
Appendix L- Institutional Review Board Approval Letters Continued

